Bacterial biofilms are communities of microorganisms attached to a surface. Biofilm formation is critical not only for environmental survival but also for successful infection. Helicobacter pylori is one of the most common causes of bacterial infection in humans. Some studies demonstrated that this microorganism has biofilm forming ability in the environment and on human gastric mucosa epithelium as well as on in vitro abiotic surfaces. In the environment, H. pylori could be embedded in drinking water biofilms through water distribution system in developed and developing countries so that the drinking water may serve as a reservoir for H. pylori infection. In the human stomach, H. pylori forms biofilms on the surface of gastric mucosa, suggesting one possible explanation for eradication therapy failure. Finally, based on the results of in vitro analyses, H. pylori biofilm formation can decrease susceptibility to antibiotics and H. pylori antibiotic resistance mutations are more frequently generated in biofilms than in planktonic cells. These observations indicated that H. pylori biofilm formation may play an important role in preventing and controlling H. pylori infections. Therefore, investigation of H. pylori biofilm formation could be effective in elucidating the detailed mechanisms of infection and colonization by this microorganism.
Introduction
Helicobacter pylori is a spiral, microaerophilic, noninvasive, gram-negative bacterium that colonizes the human gastrointestinal tract, primarily the stomach [1] . H. pylori is one of the most common causes of human infection, especially in developing countries, where the incidence can be up to 90% of the population [2] . H. pylori infection often persists throughout life. This organism has been identified as an etiological agent of chronic active gastritis, peptic ulcer disease [3, 4] , gastric adenocarcinoma [5] , and mucosa-associated lymphoid tissue (MALT) lymphoma [6] . In addition, a working group of the World Health Organization International Agency for Research on Cancer concluded in 1994 that H. pylori is a group I definite carcinogen in humans [7] . Even though most individuals infected with H. pylori are asymptomatic, infected individuals form a high-risk population for the above-mentioned diseases. A number of factors such as the vacuolating cytotoxin, the cagA and cag pathogenicity island (cagPAI), motility, adhesins, and the urease enzyme are known to be involved in the virulence of this organism [8] . H. pylori exists in two morphological forms [9] . One is a spiral form and the other is a nonculturable but viable coccoid form. The spiral form is the most common form involved in colonization of the human stomach. It has been reported that, for survival under unsuitable conditions, this microorganism has the ability to convert its spiral form to the coccoid form [9] [10] [11] [12] [13] .
Recently, some studies have alluded to the ability of H. pylori to form biofilms in vitro [14] [15] [16] . In addition, H. pylori can form biofilms on the human gastric mucosa [17] [18] [19] . Moreover, H. pylori could be embedded in drinking water biofilms on the surfaces of water distribution systems in developed and developing countries [20] . Therefore, a more thorough understanding of H. pylori biofilm should provide useful information for the characterization of this microorganism. In this review, several scientific observations including our research data on H. pylori biofilm formation will be described. In addition, a novel eradication strategy for H. pylori biofilm will be suggested.
Bacterial Biofilm Formation
Most bacteria live under severe nutrient-limited conditions. To protect themselves from hostile environmental influences, bacteria often form surface attached communities described as "bacterial biofilms. " Biofilms are ubiquitous in natural, industrial, and clinical environments and have been shown to play a critical role in many chronic infections [21] . Biofilms are usually composed of multiple bacterial species. For example, dental biofilms (i.e., dental plaque) contain more than 500 different bacterial species [22] . Biofilms consist of viable microbial cells along with dead cells and a wide range of self-generated extracellular polymeric substances (EPS) including polysaccharides, nucleic acids (extracellular DNA from bacteria), and proteins [23] . The EPS matrix can constitute up to 90% of the biofilm biomass. The initial attachment is driven by hydrophobic or electrostatic interactions as well as specific bacterial surface molecules. The next step is multiplication of the bacteria and formation of microcolonies with EPS surrounding the microcolonies. In the third step (maturation step), the biofilm forms thick and mushroom-like or tower-like structures with increasing numbers of bacteria. Subsequently, the enlarged biofilm shows focal dissolution and liberates planktonic bacterial cells which can spread to other locations.
Biofilm bacteria exhibit distinct properties which differ from those of planktonic cells [24, 25] . One of these is an increased resistance to antimicrobial agents [26] . The susceptibility of biofilm cells to antimicrobial agents has been shown to differ from that of planktonic cultures [24] and this is a major contributor to the etiology of infectious diseases. In addition, another distinctive property is that biofilm cells exhibited different pattern of gene expression including the expression of virulence factor genes [27] . This property can involve a cell-to-cell communication system called quorum sensing (QS) [28] . The signaling molecules are known as autoinducers (AIs). When these molecules reach a critical threshold concentration, a signal transduction cascade is triggered. Signaling by AIs in the QS system forms the basis for alterations in various gene expressions including virulence factors, secretion system, motility, sporulation, and biofilm formation [29] . Three QS molecules were well characterized (oligopeptides, AI-1, and AI-2). Oligopeptides are produced by gram-positive bacteria and their action is species-specific. Many gram-negative bacteria utilize N-acyl-L-homoserine lactone (N-AHL) molecules as AI-1 signaling molecules [30] , and these activities are also species-specific. A wide range of gram-positive and gram-negative bacterial species utilize AI-2 signaling molecules which are furanosyl borate diesters, and the enzyme responsible for their synthesis is encoded by the luxS gene [31, 32] . These AI systems play important roles in bacterial biofilm formation.
The Properties of H. pylori Biofilms
In an initial investigation on biofilm formation by H. pylori two studies characterized biofilm formation by this organism [14, 15] . As the first demonstration of the in vitro ability to form biofilms by H. pylori, Stark et al. reported that a water insoluble polysaccharide-containing biofilm has been observed at the air-liquid interface when H. pylori strain NCTC 11637 was continuously grown in a glass fermenter [14] . Subsequently, Cole et al. reported that all of the H. pylori strains used in their study, including clinical isolates, laboratory strains, and a mouse-adapted strain, were able to form biofilms on glass surfaces [15] . They also reported that H. pylori could form a biofilm only at the air-liquid interface, which is most likely indicative of its microaerobicity. However, at present, biofilm formation by H. pylori has not been extensively characterized. Therefore, we analyzed the ability of H. pylori strains to form biofilms and characterized the underlying mechanisms involved. Initially, we established a feasible and stable model for biofilm formation by this microorganism. Briefly, sterilized glass coverslips were placed into 12-well microtiter plates. Each well was filled with 2 mL of Brucella broth supplemented with 7% fetal calf serum (FCS) to allow adherence of H. pylori at the air-liquid interface. The formation of biofilms was initiated by inoculating approximately 5 × 10 5 cells into each well. The cultures were incubated under microaerobic conditions at 37 ∘ C for 3 to 5 days with shaking. Using this model, the biofilm forming ability of eight H. pylori strains including standard SS1, ATCC 43579, ATCC 43579, and NCTC11638 strains and clinical isolates from Japanese patients was analyzed. Under these conditions, all of the strains formed biofilms at the liquid-gas interface of the cultures. Specifically, strain TK1402, which was isolated from a Japanese patient with duodenal and gastric ulcers, showed significantly higher levels of biofilm formation relative to the other strains ( Figure 1 ) [33] . The strong biofilm forming ability of TK1402 was reflected in the relative thickness of the biofilms. To clarify the architectural characteristics of H. pylori biofilms, we compared TK1402 and SS1 biofilms by scanning electron microscopy (SEM) ( Figure 2 ) [34] . In the SS1 biofilms, the bacteria attached to glass surfaces in thin layers, and the biofilms consisted mainly of bleb-like or amorphous structures (Figures 2(a) and 2(b)). On the other hand, the TK1402 biofilms were composed primarily of cells with bacillary morphology which were clearly outlined (Figures 2(c) and 2(d)). We also analyzed the biofilm cells of the other strains using SEM. However, the majority of these biofilm cells consisted of autolysed cells, suggesting that the strong biofilm forming ability of TK402 may have resulted from an active metabolic state for a relatively long time without exhibiting morphological changes or autolysis. In addition, the biofilms of TK1402 strain showed the presence of many outer membrane vesicles (OMVs) on the glass surfaces as well as on the bacterial cell surfaces. These structures were not detected in the biofilms of the other strains. OMVs were more closely observed in the thin-sectioned biofilms using transmission electron microscopy (TEM) and the OMVs were located at the substratum-bacterium interface and in the extracellular spaces. In addition, biofilm formation by strain TK1402 was strongly correlated with the production of OMV. These results suggested that the OMV produced by strain TK1402 may serve as an EPS matrix for these biofilms. OMV production is a physiologically normal function of gramnegative bacteria [35, 36] . In Pseudomonas aeruginosa, OMVs have multifunctional biological roles including microbial interaction and host infection as well as maintenance of the structure of biofilm [37, 38] . In Porphyromonas gingivalis, OMVs promote attachment, aggregation, and biofilm formation and the functions of OMVs in biofilms have been discussed [39, 40] . Similar to most gram-negative bacteria, H. pylori released OMV into the extracellular space [41, 42] . Major protein and phospholipid components associated with the OMVs were identified [43] . We analyzed the protein profile of the OMV produced by strain TK1402 to determine which components of the OMV contribute to biofilm formation in H. pylori. The results indicated that a specific approximately 22 kDa protein might be involved in the biofilm forming ability of this strain [44] . 
Quorum Sensing in H. pylori
The luxS gene is the only known quorum-sensing gene present in the sequenced H. pylori genome. Several reports indicated that H. pylori produces extracellular signaling molecules related to AI-2, and production of AI-2 is dependent on luxS function [48] [49] [50] . These reports have indicated that the production of AI-2 by luxS is growth-phase dependent, with maximal production occurring in the midexponential phase of growth. Several reports indicated that LuxS has an alternative role in regulation of motility by modulating flagellar transcription and flagellar biosynthesis [51, 52] . Our previous study also demonstrated that strain TK1402 luxS deficient mutant exhibited significantly lower motility than that of parental strain [53] . In addition, the luxS mutant exhibited a reduced infection rate relative to the wild-type parent strain TK1402 in a Mongolian gerbil model. Cole et al. reported the relations of luxS quorum sensing and biofilm formation in H. pylori [15] . They demonstrated that the luxS mutants of clinically isolated strains, SD3 and SD4, were approximately twofold more better at forming a biofilm than the parental strains. On the other hand, Doherty et al. indicated that LuxS fulfills primarily a metabolic role in the activated methyl cycle, which generates the S-adenosylmethionine required by methyltransferases and recycles the product via methionine as well as cell-to-cell signaling [54] . Further investigations are expected to elucidate the function of LuxS.
H. pylori Biofilm Formation in the Environment
The principal mode of transmission proposed for H. pylori is person to person contact via the faecal-oral, oral-oral, or gastro-oral routes [55] [56] [57] [58] . However, especially in developing countries, the patterns of H. pylori transmission suggest a universal source for exposure rather than person to person transmission [59] . Thus, the drinking water supply was highlighted as an important source of H. pylori infection and, indeed, H. pylori was only detected with special procedures in water distribution systems [60, 61] . In addition, the role of water sources and associated biofilms acting as environmental transmitters of H. pylori has been suggested by the detection of H. pylori DNA by molecular methods, such as PCR, in sewage, well water, pond and river water, river water, and shallow ground water in developed countries as well as in developing countries [61] [62] [63] [64] [65] [66] . These data suggested that H. pylori exists in water distribution systems and that the organism may survive in biofilms in these systems. However, in fact, it does not appear that H. pylori forms biofilms at locations which are relatively stressful conditions such as less than optimal temperatures and nutrient limitation. In oligotrophic water systems, the bacterial genera Pedomicrobium, Hyphomicrobium, Gallionella, and Caulobacter were regularly found [67] . It is likely that these bacteria form biofilms in drinking water distribution systems and are then contaminated with H. pylori from sewage, well water, pond and river water, river water, and shallow ground water and are embedded in such bacterial biofilm structures. Indeed, H. pylori has never been cultured from drinking water distribution systems using standard cultivation techniques [68, 69] . These reports indicated that it is impossible to distinguish between alive and dead cells of H. pylori in such systems. Recently, it was reported with several new methods such as in situ fluorescent hybridization (FISH) [20, 70] 
H. pylori Biofilm Formation on Human Gastric Mucosa
The first photographic documentation of the existence of H. pylori biofilms on human gastric mucosa was reported by Carron et al. using endoscopically directed biopsies and scanning electron microscopy [17] . 
Effects of H. pylori Biofilms on Susceptibility to Antimicrobial Agents
Eradication of H. pylori is important not only for the treatment of gastric/duodenal ulcer, but also for the treatment and prevention of H. pylori-associated diseases such as gastric cancer, as well as for inhibiting the spread of this microorganism. For the eradication of H. pylori, a combination therapy using an antiacid agent (proton pump inhibitor (PPI) or H 2 blocker) and two anti-H. pylori agents (amoxicillin and either clarithromycin (CAM) or metronidazole) has been recommended [72] [73] [74] . Fluoroquinolones have also been selected as anti-H. pylori agents. In Japan, a combination of a proton pump inhibitor, amoxicillin, and CAM is commonly used in first-line eradication therapy [72] . However, CAM resistance is an increasing problem for the first-line therapy of H. pylori infection, since the major cause of eradication failure is thought to be the existence of CAM resistant H. pylori [72, [74] [75] [76] [77] . CAM resistant H. pylori are extremely common and the frequency of CAM resistant clinical isolates ranges from approximately 10 to 30% [74, 78] . Point mutations in the domain V loop of the 23S rRNA gene (commonly an Table 1 : Generation of CAM resistance mutations in biofilm and planktonic cells. The 2-day and 3-day biofilms and planktonic cells were exposed to the indicated concentrations of CAM (biofilms were exposed to one-eighth, one-quarter, or one-half of the MBC of CAM at concentrations of 0.125, 0.25, and 0.5 g/mL, concentrations which are equivalent to 8x, 16x, and 32x MIC and planktonic cultures were also exposed to one-quarter or one-half of the MBC of CAM at concentrations of 0.063 and 0.125 g/mL, concentrations which are equivalent to 4x and 8x MIC) for 24 h under microaerobic conditions at 37 ∘ C with shaking. After incubation, cells were recovered in fresh Brucella supplemented with 7% FCS agar, and the generation of CAM resistant mutants was assessed in media supplemented with 1.0 g/mL CAM. When no CAM resistant cells were detected, exposure to CAM was repeated up to 5 times. The table indicates the accumulation ratio of the generated CAM resistance in biofilms (number of samples was 12 or 13) or in planktonic cultures (number of samples was 12).
Samples
Passage adenine-to-guanine transition at position 2142 or 2143) have been reported as the basis for resistance [72, [74] [75] [76] [77] [78] [79] . In other bacterial biofilms, biofilm grown cells express properties distinct from planktonic cells, one of which is an increased resistance to antimicrobial agents [26, [80] [81] [82] [83] . Based on these reports, the biofilm cells can become 10-1000 times more resistant to the effects of antimicrobial agents. Multiple mechanisms of biofilm resistance to antimicrobial compounds were suggested: (i) failure of the antimicrobial compounds to penetrate the biofilm, (ii) slow growth of the biofilm cells owing to nutrient limitation, and (iii) activation of the general stress response [26, [84] [85] [86] [87] [88] . However, the effect of H. pylori biofilm formation on antibiotics susceptibility is not well documented. Thus, we investigated the effects of CAM on H. pylori biofilms [89] . Biofilm formation in H. pylori increased the resistance to CAM at minimum inhibitory concentration (MIC) levels by up to 4-fold in 2-day biofilms (intermediated biofilms) and to 16-fold in 3-day biofilms (mature biofilms) as well as minimum bactericidal concentration (MBC) levels by up to 4-fold compared to planktonic cells. Participation of the efflux pumps of the resistancenodulation-cell division (RND) family was involved in the development of CAM resistance in H. pylori biofilm and failure of CAM penetration into the biofilm interior due to the presence of the extracellular matrix was also demonstrated. In addition, we demonstrated that H. pylori biofilm formation can affect the generation of CAM resistance mutations (Table 1) . CAM resistant cells were detected more frequently in biofilms after treatment with CAM. Our results indicated that the relatively high concentration, especially one-quarter of MBC (0.25 g/mL, which are concentrations equivalent to 16x MIC), of CAM may facilitate the generation of CAM resistance mutations in H. pylori biofilms.
Therapy for Preventing H. pylori Biofilm Infection
Antibiotic resistance in H. pylori can therefore be acquired by the selection of spontaneous mutation events that occur due to the magnitude and duration of antibiotic use on the human gastric mucosa. Nakamura et al. reported that CAM concentrations in gastric juices, mucosa, or serum after administration of 500 mg of the drug for 7 days were 550.6, 64.6, and 2.5 g/mL at 2 hours after administration and 43.4, 36.2, and 2.2 g/mL at 6 hours, respectively [90] . These concentrations might be sufficient to reduce the levels of H. pylori in vivo so that this microorganism formed biofilms. However, to reach such high concentrations of CAM on the gastric mucosa for extended periods, the drug needs to be taken with sufficient dosage. In addition, in cases with inadequate compliance with eradication therapy, the concentration of CAM does not reach high levels in the gastric mucosa. Further, macrolides including CAM are frequently used in the treatment of various infectious diseases in pediatric, respiratory, and otorhinolaryngology settings. In these cases, biofilm formation by H. pylori may contribute to the acquisition of CAM resistance. Novel approaches to prevent biofilm formation and to treat infections by biofilm-forming bacteria are currently under development [91, 92] . Recently, a clinical trial for effective strategies targeting H. pylori biofilm infections through the use of molecules such as N-acetylcysteine (NAC) was reported [71, 93] . NAC is a mucolytic and a thiol-containing antioxidant agent and is considered a nonantibiotic drug that has antibacterial properties. In 1977, Parry and Neu found that NAC had the ability to inhibit the growth of both gram-positive and gram-negative bacteria, including Staphylococcus aureus, P. aeruginosa, Klebsiella pneumoniae, and Enterobacter cloacae [94] . The antibacterial effect of NAC may be due to competitively inhibiting amino acid (cysteine) utilization or by virtue of possessing a sulfhydryl group it may react with bacterial cell proteins. Moreover, previous studies demonstrated decreased biofilm formation by a variety of bacteria in the presence of NAC [95] [96] [97] [98] , leading to an inhibition of bacterial adherence, a reduction in the production of the extracellular polysaccharide matrix promoting the disruption of mature biofilms, and a reduction in sessile cell viability [95] [96] [97] [98] . Relative to H. pylori biofilms, NAC is effective in both inhibiting H. pylori biofilm formation and disrupting developed biofilms in vitro [71] . In addition, NAC treatment preceding the initiation of antibiotic eradication therapy is able to provide eradication of resistant H. pylori infections. Large scale studies regarding the effectiveness of NAC in vivo for reducing H. pylori biofilms are still required.
Conclusions
Pathogenic bacteria including H. pylori within biofilms can escape from both host immune responses and the effects of antimicrobial agents. Consequently, chronic infections by biofilm forming bacteria become troublesome and difficult to treat. Some of the previous studies have shown that H. pylori forms biofilm on human gastric mucosa. Nevertheless, assessment of H. pylori strain susceptibility to antibiotics in vitro has traditionally been evaluated using planktonic cells, so that MICs are not reliable predictors of the antibiotic effects in the human stomach. The assessment of the ability to form biofilms in H. pylori could play an important role in preventing and controlling the generation of antibiotic resistance. It is expected that enhancing our knowledge of H. pylori biofilm formation will lead to new treatment therapies for preventing H. pylori infections. However, it is recognized that our understanding of H. pylori biofilm formation is still in its infancy. Further studies of the mechanism of H. pylori biofilm formation need to be performed. In addition, investigation into novel H. pylori eradication strategies for the human gastric mucosa using biofilm-dissolving compounds, quorum sensing inhibitors, or conventional antibiotics may provide advantages in resolving H. pylori infections.
